Introduction
The thermophile, Bacillus stearothermophilus 1503, has been grown by Rowe and coworkers [ 1 ] aerobicaily on both liquid and solid defined and minimal medium through several generations. Since agar medium permits isolation of many desirable auxotrophies, we attempted to grow//, stearothermophilus NCA 2184 aerobically and anaerobically on a defined liquid or solid medium containing nitrate in the hope of obtaining non-nitrate reducing mutants. We found that the above strain grew well anaerobically on defined medium but it cannot synthesize NADH.nitrate reductase or other components of the denitrification pathway unless it is supplemented with a peptone. We report here evidence which revealed that peptides greater than 3000 mol. wt. were essential for induced formation of the NADHnitrate reductase in the thermophile.
Materials and Methods
Stock cultures of Bacillus stearothermophilus NCA 2184 were maintained on slopes of complex medium containing trypticase (BBL), 20.0 g; yeast extract (Difco) 5.0 g;sucrose, 5.0 g; MgSO4 • 7 H20, 15.0 rag; MnCI2 • 4 H20, 1.0 rag; FeCla • 6 H20, 7.0 mg; NaCI, 5.0 g; agar, 20.0 g and H20 to 1000 ml. All cultures were grown at 60°C as previously described [3] in liquid complex medium (TYSC1) or complex medium containing NaNO3 in place of NaC1 (TYSN). Cultures were also grown on defined liquid medium [ 1 ] containing 1 mg/ml NaCI (DLCI) or 1 mg/ml NaNO3 (DLN). Aerobic cultures were grown in 350 ml baffled nepholometer flasks (BeUco Glass, Vineland, N.J.) containing 200 ml of liquid complex or defined medium with rotation at 250 rev./min. Anaerobic cultures were grown in a similar manner except that the flasks which contained medium up to the neck (310 ml), were incubated under static conditions and sparged with a gas mixture of 95% N2 and 5% COz at a rate of 120 cc per min.
The growth rate constant (k = In 2/generation time in h) was determined as described earlier [3] and is expressed in dimensions ofh -1. The absorbance measurements were made at 625 nm. All inocula consistcd of mid-log phase cells growing in the test medium under aerobic or anaerobic conditions. The growth yield (Y) was determined from the relationship Y = X-Xo/C where X = dry weight/ml of cells when the culture enters the stationary phase, X0 = dry weight/ml of cells immediately after inoculation and C = the concentration of limiting nutrient. Chromatographic separation of trypticase was achieved via gel filtration on a 1 X 5 column of Sephadex G-25.2 ml containing 40 mg of trypticase in 50 mM phosphate buffer, pH 7.0, were run through the gel bed (9.1 ml) at a flow rate of 12 ml h-1/cm 2. 1 ml fractions were collected and concentrated 2-fold by vacuum dialysis in collodian sacs.
Total nitrogen was determined by the method of Ballentine [4] . For enzyme assay, cells were retrieved at early stationary phase via fdtration on membrane fdters (0.45 nm pore size) washed twice in 0.067 M phosphate buffer, pH 7.0 and assayed for enzyme activity and protein as previously described [5] . One unit of enzyme activity is equal to 1 mmole of nitrite produced per rain at 60OC. Specific activity is expressed as milliunits per nag protein.
Results and Discussion
B. stearothermophilus was incubated aerobically and anaerobically on TYSC1, TYSN, DLC1 and DLN me4ium. In the presence of peptone and the absence of nitrate (TYSC1), no growth occurred under anaerobic conditions (Table 1 ). The microorganism grew aerobically and anaerobically on TYSN and DLN medium. Complex nitrogenous compounds thus inhibited the fermentative capabilities of the thermophile. As a test of the possible use of denitrification in anaerobic growth, samples of cultures growing in nitrate medium were withdrawn at frequent intervals during incubation and tested for nitrite. Only the cultures growing anaerobically on TYSN medium produced nitrite. No significant difference was noted between growth rates under aerobic and anaerobic conditions on defined medium but a substantial difference between the growth rate on complex and defined medium was noted ( Table 1 ). The growth yield was less than half that obtained with complex medium.
In an effort to discern the size of peptides present in trypticase, we fractionated it by gel-filtration on Sephadex G-25. Bovine serum albumin (BSA) was chromatographed to obtain a void volume (V0) and a profile for peptide-peptone material excluded by the gel (Fig. 1) . Riboflavin was passed through the gel column to determine a profile for low molecular weight material unexcluded from the gel. The elution profde for BSA is shown in peak I and that for ribo- • 16 24 EFFLUENT YOL (ml) Fig. 1 . Elution pattern of bovine serum albumin (I), trypticase (II) and riboflavin (III) from Sephadex G-25. Enzyme activity in cells given standard amounts of fractionated trypticase is indicated by the bars. Flow rate, 25 ml/cm 2 -hr.
flavin in peak III. The elution pattern for trypticase (peak II) indicated that it contains peptides which are excluded by the gel (greater than 3000 mol. wt.) as well as those able to permeate the gel; some to the same extent as riboflavin.
We next tested the capacity of the various fractions of trypticase to support growth and/or formation of nitrate reductase. A 0.1 ml sample was removed for determination of total nitrogen. Each fraction of trypticase was adjusted to an equal level of nitrogen (280/~g/ml or 2.14/amoles leucine equivalents) by addition of 0.1 M phosphate buffer, pH 7.0.0.5 ml from each of the above adjusted fractions was added to a series of fresh tubes. 0.4 ml of 2 × concentrated DLN medium minus amino acids was added and the medium was steam-sterilized for 15 min at 121 psi. Each tube was inoculated with 1.0.106 (+5.0-104) cells and incubated at 60°C for 15 h. The control cultures contained medium with NaCI (500 /ag/ml) in place of NaNOa. After 10 h, the cells were harvested, washed and assayed for nitrate reductase activity (Fig. 1) . Little support was afforded by those peptides eluting in the V i. These represent about half of the total trypticase added.
To further test the thesis that a peptide(s) is essential to formation of nitrate reductase in the thermophile, we acid-hydrolyzed the trypticase prior to addition to uninduced cells as the sole nitrogen source. A solution of trypticase (20 mg/ml) was acid-hydrolyzed in 6 N HC1 at 115°C for 20 h. After neutraliza-tion with 6 N NaOH, the amino acid mixture was added to defined medium at a final concentration of 320/ag/ml total nitrogen or 2.44 leucine equivalents. 20 cultures (1 ml) were inoculated with mid-log phase cells as in the previous experiment. After 10 h, cells were harvested and assayed for nitrate reductase activity. None was detected. We concluded that a polypeptide or oligopeptide in peptone medium is essential for formation of the nitrate reductase in B.
stearothermophilus.
The nutritional requirements for a variety of thermophilic microorganisms have been examined and often discovered to be complex [6] [7] [8] [9] . Earlier attempts to grow B. stearothermophilus on a defined medium resulted in limited growth [10] . Epstein and Grossowicz [11 ] demonstrated growth of a thermophilic bacillus on a defined medium with NH4NO3 as sole nitrogen source. We have attempted to grow several strains ofB. stearothermophilus on such a medium but with no success (unpublished data). However, if the k values are computed from the growth data reported for the Epstein strain on rich and minimal medium, one finds 0.961 and 0.695 respectively. These are in good agreement with the k values reported here for growth ofB, stearothermophilus NCA 2184 on rich and minimal medium. The growth response of the thermophile to a variety of nitrogen sources seems consistent, but the precise contribution of peptides and/or peptones or derepression of the denitrification pathway remains to be shown.
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